Activation of Nrf2 by covalent modifications that release it from its inhibitor protein Keap1 has been extensively documented. In contrast, covalent modifications that may regulate its action after its release from Keap1 have received little attention. Here we show that CREB-binding protein induced acetylation of Nrf2, increased binding of Nrf2 to its cognate response element in a target gene promoter, and increased Nrf2-dependent transcription from target gene promoters. Heterologous sirtuin 1 (SIRT1) decreased acetylation of Nrf2 as well as Nrf2-dependent gene transcription, and its effects were overridden by dominant negative SIRT1 (SIRT1-H355A). The SIRT1-selective inhibitors EX-527 and nicotinamide stimulated Nrf2-dependent gene transcription, whereas resveratrol, a putative activator of SIRT1, was inhibitory, mimicking the effect of SIRT1. Mutating lysine to alanine or to arginine at Lys 588 and Lys 591 of Nrf2 resulted in decreased Nrf2-dependent gene transcription and abrogated the transcription-activating effect of CREB-binding protein. Furthermore, SIRT1 had no effect on transcription induced by these mutants, indicating that these sites are acetylation sites. Microscope imaging of GFP-Nrf2 in HepG2 cells as well as immunoblotting for Nrf2 showed that acetylation conditions resulted in increased nuclear localization of Nrf2, whereas deacetylation conditions enhanced its cytoplasmic rather than its nuclear localization. We posit that Nrf2 in the nucleus undergoes acetylation, resulting in binding, with basic-region leucine zipper protein(s), to the antioxidant response element and consequently in gene transcription, whereas deacetylation disengages it from the antioxidant response element, thereby resulting in transcriptional termination and subsequently in its nuclear export.
from interference with the Keap1-Nrf2 interaction within the nucleus (22) .
In contrast to the enormous amount of work on the activation of Nrf2, covalent modification(s) that may regulate its action after it is separated from Keap1 have not been as well studied. In HEK293T cells, Salazar et al. (23) showed that Nrf2 is phosphorylated by GSK-3␤ and that this phosphorylation localizes it to the cytoplasmic compartment; according to their report, diminished entry of Nrf2 into the nucleus resulted in impaired Nrf2-induced activation of ARE-driven gene promoters. In contrast, in neuroblastoma cells phosphorylation of the Neh4 (Nrf2-ECH homology 4) and Neh5 domains of Nrf2 positively influenced its nuclear translocation as well as its transactivation activity (24) . In another study, Fyn kinase-mediated phosphorylation of Tyr 568 in Nrf2 was reported to regulate its nuclear export and degradation (25) . Other than the recently published report that Nrf2 undergoes reversible acetylation in HEK293T cells subjected to sodium arsenite [As(III)]-induced stress, primarily in its Neh1 domain (26) , only phosphorylation had previously been reported to modulate activity of Nrf2 downstream of its activation. Here we show that acetylation/ deacetylation plays a crucial role in the nucleocytoplasmic shuttling of Nrf2 and that acetylatable lysine residues in its Neh3 domain participate in modulating its transcriptional activity.
EXPERIMENTAL PROCEDURES
Reporter Gene Assays-K562 cells obtained from the American Type Culture Collection (Manassas, VA) were maintained in culture as described previously (27, 28) . For co-transfection of expression plasmids, cells (1 ϫ 10 5 cells in 1 ml of medium/ well) seeded in 24-well plates for 24 h were co-transfected with 0.2 or 0.3 g of luciferase reporter plasmids (human G␣ i2 -luc gene promoter, minimal promoters HO-1-ARE-luc (29) or hNQO1-ARE-luc (30) ) along with pCI-Nrf2, and plasmid harboring the cDNA for CBP, E1A (adenovirus early protein 1A), or SIRT1 (as indicated in legends to figures), using FuGENE TM 6 transfection reagent (Roche Applied Science) at a 3:1 ratio of FuGENE TM 6 reagent (l) to DNA (g) or a 4:1 ratio of polyethylenimine (catalog number 23966-2; Polysciences, Inc., Warrington, PA) (l of 1 g/l solution) to DNA (g). The total amount of DNA was adjusted, if necessary, by adding the empty vector plasmid. The cells were harvested 20 -24 h later, by centrifugation at 12,000 ϫ g (45 s) in 1.5-ml microcentrifuge tubes and processed for luciferase assay as described previously (20, 28, 31, 32) .
Localization of Nrf2 in HepG2 Cells by Fluorescence Microscopy-HepG2 cells, obtained from the American Type Culture Collection, were grown in minimum essential medium supplemented with 1 mM sodium pyruvate, 2 mM L-glutamine, 1ϫ minimum essential medium nonessential amino acids (Invitrogen), 10% fetal bovine serum, 100 units of penicillin/ml of medium, and 100 g of streptomycin/ml of medium. Approximately 4 ϫ 10 5 cells/well were seeded onto poly-D-lysine-coated coverslips in six-well plates in 2 ml of medium and incubated overnight at 37°C. The cells were then transfected with 1.5-2 g of plasmid pEGFP-Nrf2 construct, using FuGENE HD transfection reagent (Roche Applied Science) at a 3:1 ratio of FuGENE HD (l) to DNA (g). Twentyfour hours after transfection, the cells were either incubated with or without tBHQ (20 M) for 1 h to induce activation and nuclear accumulation of Nrf2 or with resveratrol (50 M) . In cells incubated with tBHQ and resveratrol, resveratrol was added 30 min before the addition of tBHQ. In parallel experiments, the cells were also transfected with 0.25 g of expression plasmid for CBP with or without expression plasmid for E1A. All of the cells were harvested by removing the medium and rinsing once with 1ϫ PBS, followed by fixation with 1 ml of 3.7% paraformaldehyde for 10 min and rinsing with PBS. The cells were processed for fluorescence imaging analysis as described previously (20) . Briefly, after fixation, the cells were incubated with 100 g/ml RNase A (Sigma) for 20 min at 37°C and rinsed three times with 1ϫ PBS. To stain the nuclei, the cells were incubated for 2 min at room temperature in a solution of propidium iodide (3 g/ml), rinsed with PBS, and then rinsed once with H 2 O. The coverslips were then mounted onto slides using Aqua-Poly/Mount (Polysciences, Inc., Warrington, PA), kept overnight at 4°C, and visualized under a fluorescence microscope at excitation and emission wavelengths, respectively, of 536 and 617 nm for red fluorescence (propidium iodide) and 485 and 530 nm for GFP. Using Adobe Photoshop, images of the propidium iodide and GFP fluorescence patterns were merged to visualize nuclear localization.
EMSA-Nuclear extracts used for EMSA were prepared as described previously (28, 31, 32) . For EMSA, annealed 5Ј-overhang oligonucleotide sequence of the G␣ i2 gene promoter containing the ARE-binding motif in the promoter was radiolabeled with [␣-32 P]dCTP by using the Klenow fill-in reaction and purified as described previously (28) . After electrophoresis, the gel was dried and then exposed to Classic Blue Autoradiography Film BX (Molecular Technologies, St. Louis, MO) at Ϫ80°C. The radiolabeled bands were detected by autoradiography.
Detection of Acetylated Nrf2 in Cells-K562 cells were transfected with CBP with or without E1A or SIRT1 with or without dominant negative SIRT1 (SIRT1-H355A), along with pCI-Neo or pCI-Nrf2. To enhance detection of acetylated species (33) (34) (35) in CBP-treated cells, the cells were treated with 66 nM trichostatin A and 10 mM NAM (to inhibit deacetylases) 6 h before harvesting. After harvesting, whole cell lysates were prepared using nondenaturing lysis buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 1 mM sodium vanadate, 5 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, and 10 l/ml protease inhibitor mixture (Sigma)); co-immunoprecipitation was performed with the whole cell lysates. Briefly, the lysates (200 g of protein) were diluted with the lysis buffer to 100 l and then incubated with 1 g each of either normal rabbit IgG or antibody to Nrf2 overnight at 4°C with gentle rotation. The immunocomplexes were collected by incubation at 4°C for 2 h to overnight with 20 l of protein A/G Plusagarose (Santa Cruz Biotechnology, Inc., Santa Cruz, CA), followed by centrifugation at 1,000 ϫ g for 1 min. The agarose beads were washed four times with 1 ml of wash buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 0.5 mM sodium vanadate, 0.2% Nonidet P-40, 1 mM phenylmethylsulfonyl fluoride, 1 g/ml aprotinin, and 1 g/ml pepstatin A) and then boiled for 5 min with 30 -40 l of 2ϫ SDS sample buffer. After centrifugation, the supernatant solution was subjected to Western blotting using anti-acetyl-lysine antibody (Cell Signaling Technology, Danvers, MA).
Site-directed Mutagenesis-Nrf2 was mutated at putative acetylation sites by using the QuikChange TM site-directed mutagenesis kit from Stratagene (La Jolla, CA) to replace the lysine residues with alanine, arginine, or glutamine residues. Mutations were confirmed by DNA sequencing at the Molecular Biology Core Facility at Meharry Medical College.
Western Blotting-Western blotting analyses, using various antibodies, were performed as described previously (20, 28, 31, 32) .
RESULTS
Effect of CBP on Nrf2-induced Transcription-CBP and p300 proteins are common co-activators for a variety of transcription factors (36, 37) . Because they possess acetyltransferase activity (38 -40) and because CBP had previously been shown in a yeast two-hybrid system to bind to Nrf2 (41), we reasoned that CBP might modulate Nrf2-induced transcription, perhaps through acetylation of Nrf2 itself. Based on our previous findings that the G␣ i2 gene promoter activity is profoundly regulated by Nrf2 (20, 32, 42) , we initially monitored Nrf2-induced transcription from this promoter in K562 cells in the absence or presence of exogenously added CBP. Heterologous CBP enhanced Nrf2-induced transcription from this promoter (Fig.  1A) ; the action of CBP was completely abrogated by the adenovirus protein E1A, which also completely abrogated Nrf2-induced transcription, indicating involvement of E1A-binding protein(s) in the transcriptional action of Nrf2. This effect of E1A on Nrf2-induced transcription is consistent with at least two previous reports that ARE-mediated gene transcription is sensitive to E1A (41, 43) . E1A binds to a variety of proteins including CBP/p300, and when bound to CBP or p300, it blocks the acetyltransferase activity of these proteins (44 -48) . It seems reasonable to conclude that the inhibitory action of E1A resulted not only from its inhibition of the acetyltransferase activity of CBP (45, 46) (Fig. 2A) but also from its binding to other proteins (44, 49) .
The somewhat small increase in Nrf2-induced transcription (1.8-fold over basal) shown for the G␣ i2 gene promoter (Fig. 1A) is a reflection of the reporter gene construct used. In our experience (32, 42) , two widely used prototypic ARE-driven minimal promoters (HO-1-ARE-luc (29) and hNQO1-ARE-luc (30)) usually result in much higher fold increases in promoter activity than the G␣ i2 -luc used in Fig. 1A . This is evident from the data in Fig. 1B in which the use of the HO-1-ARE-luc resulted in promoter activity that was ϳ4-fold over basal; with the hNQO1-FIGURE 1. Effect of CBP on Nrf2-dependent gene transcription. A, Nrf2-dependent transcription from the G␣ i2 gene promoter is enhanced by CBP and inhibited by E1A. K562 cells (1 ϫ 10 5 cells in 1 ml of medium/well) seeded in 24-well plates for 24 h were co-transfected with 0.2 g each of empty vector (pCI-Neo) or heterologous Nrf2 (pCI-Nrf2) as inducer and 0.2 g of pG␣ i2 (Ϫ1214/ϩ115)-luc with or without expression plasmid for CBP (0.2 g) or E1A (0.2 g). The total amount of DNA in each well was 0.8 g; the empty vector (pCMV5) was used to make up the total to this amount, as needed. The cells were harvested 24 h after transfection to measure promoter activity (28, 31, 32) . The data are the means Ϯ S.E. of duplicate assays from four separate cell cultures. *, significantly different (p Ͻ 0.02) from control (vector only); **, significantly different (p Ͻ 0.02) from the Nrf2 effect; ***, significantly different (p Ͻ 0.02) from Nrf2 ϩ CBP. B, Nrf2-induced transcription from HO-1-ARE-luc and hNQO1-ARE-luc reporters is enhanced by CBP and inhibited by E1A. The HO-1-ARE-luc contains three copies of ARE (5Ј-CGGACCTTGACTCAGCAGAAAA-3Ј) cloned upstream of the mouse HO-1 minimal promoter (Ϫ32 to ϩ72 bp) (29) . The hNQO1-AREluc (human NAD(P)H:quinone oxidoreductase 1-ARE-luc) contains a single copy of ARE, derived from the human NQO1 promoter, placed upstream of a minimal promoter containing a TATA box fused to the luciferase gene (30) . All of the plasmids were transfected at 0.2 g each, and the total ARE-luc reporter, Nrf2-induced transcription was 2-3-fold over basal. With these prototype ARE-driven reporter gene constructs, the CBP effect on Nrf2-induced transcription was much more robust than with the G␣ i2 -luc reporter, and with both prototype promoter constructs, promoter activity was completely abrogated by E1A (Fig. 1B) , as with the G␣ i2 gene promoter (Fig. 1A) .
To rule out the possibility that the treatment with CBP or E1A may have altered the cellular content of Nrf2, we blotted for Nrf2 in whole cell lysates used for the luciferase assays in Fig.  1B . As shown in Fig. 1C , the whole cell content of Nrf2 was not changed by the treatment with CBP Ϯ E1A. This indicates that their effects on transcription did not result from changes in the cellular amounts of Nrf2.
Nrf2 Is Acetylated in Cells-We investigated whether Nrf2 was acetylated under the conditions of the experiments shown in Fig. 1 . To enhance detection of acetylated species, cell cultures were treated with trichostatin A and NAM 6 h before harvesting, to inhibit deacetylase(s) (33) (34) (35) . Whole cell lysates were first immunoprecipitated with antibody to Nrf2 to generate IP samples; the IP samples were then used for Western blotting with anti-acetyl-lysine antibody. These co-immunoprecipitation assays ( To further demonstrate that Nrf2 is acetylatable, we measured its acetylation status in cells treated with expression plasmid for the NAD ϩ -dependent Class III histone/protein deacetylase SIRT1. These cultures were not treated with either trichostatin A or NAM, so as not to interfere with deacetylation. As shown in Fig. 2B , treatment with expression plasmid for SIRT1 markedly diminished the endogenous acetylation of Nrf2 (Fig. 2B , compare lanes 2 and 1). This effect was overridden by co-transfection with plasmid harboring the cDNA for dominant negative SIRT1 (SIRT1-H355A (50, 51)) (Fig. 2B , compare lanes 3 and 2), indicating that the observed inhibitory effect was specific to SIRT1. The addition of NAM, a known inhibitor of SIRT1 (52), blocked SIRT1-induced deacetylation of Nrf2 (Fig. 2B , compare lanes 4 and 2).
In Fig. 2C , we show that the whole cell content of Nrf2 was not changed by the treatment with CBP (or CBP plus E1A) (lanes 2 and 3 versus lane 1 (control)) or the treatments with SIRT1, or NAM (lanes 4 and 5 versus lane 1). These results provide strong support for our interpretation that the band densities seen in Fig. 2 (A and B) resulted from changes in the acetylation status of Nrf2, not changes in the whole cell content of Nrf2.
To demonstrate that the deacetylation activity of SIRT1 impacted Nrf2-dependent gene transcription, we performed transfection assays to measure Nrf2-induced gene transcription in cells transfected with expression plasmid for SIRT1. Transfection 5 in 8 ml of medium) were seeded in T25 flasks. After 24 h, the cells were transfected with expression plasmid for CBP (1.6 g) with or without E1A (1.6 g) (A) or SIRT1 (1.6 g) with or without dominant negative SIRT1 (SIRT1-H355A) (1.6 g) or treated with NAM (10 mM) (B), along with 0.2 g of pCI-Nrf2 for 24 h. Cell cultures in A were treated with trichostatin A (66 nM) and NAM (10 mM) for 6 h before harvesting to inhibit deacetylase(s) (33) (34) (35) . Acetylation was measured in whole cell lysates by a co-immunoprecipitation assay. The whole cell lysates (200 g of protein) were first precipitated with anti-Nrf2 antibody (1 g, sc-13032; Santa Cruz Biotechnology, Inc.), as described under "Experimental of expression plasmid for SIRT1 markedly inhibited Nrf2-induced transcription from the prototype ARE-driven reporter gene construct HO-1-ARE-luc (Fig. 2D ). This effect was overridden by dominant negative SIRT1 (SIRT1-H355A). Fig.  2D by using small molecule modulators of SIRT1, the rationale being that small molecule inhibitors of SIRT1 (e.g. NAM and EX-527 (52-55)) would sustain acetylation conditions within the nucleus, whereas activators such as the phytochemical resveratrol (56 -58) would cause deacetylation conditions.
Effects of Small Molecule Modulators of SIRT1 on Transcriptional Activity of Nrf2-We extended the experiments in
At 0.1-1.0 M, EX-527, a potent inhibitor of SIRT1 activity (53) (54) (55) 59 ), caused a dose-dependent increase in Nrf2-induced transcription from the prototype ARE-driven gene promoter construct HO-1-ARE-luc (Fig. 3A) . NAM, a widely used inhibitor of SIRT1 activity (52) (53) (54) (55) , also induced an increase in Nrf2-dependent transcription from this promoter (Fig. 3B) . Conversely, when the cells were treated for 90 min with resveratrol, which is arguably the most widely used small molecule activator of SIRT1, both tBHQ-induced and Nrf2-dependent gene transcription were drastically diminished, mimicking the effect of SIRT1. This is clearly evident from the data in Fig. 3 (C and D) , in which three different ARE-driven gene promoter constructs (G␣ i2 -luc, HO-1-ARE-luc, and hNQO1-ARE-luc reporters) were used. The results are presented as relative promoter activity (i.e. activity in the presence of resveratrol as a percentage of activity in the absence of resveratrol). The pattern of inhibition of transcription by resveratrol was similar, irrespective of the reporter gene construct used. Although the resveratrol effect could be indirect, rather than directly targeting SIRT1 (58, 59) , the fact that SIRT1 was inhibitory (Fig. 2D ) implied that the observed inhibitory effect of resveratrol, at least in part, involved SIRT1. Taken together with the effects of EX-527, NAM, SIRT1, and CBP, these data lend support to the conclusion that acetylation-deacetylation regulates the transcriptional activity of Nrf2.
Acetylation/Deacetylation Conditions Alter Nrf2 Binding to Its Cognate DNA Response Element, the ARE-We hypothesized that the results shown in Figs. 1-3 would reflect the binding of Nrf2 to its DNA response element, the ARE. To test this idea, we performed EMSAs, using a 31-mer 32 P-labeled doublestranded DNA probe containing the ARE motif that maps at Ϫ85/Ϫ76 in the G␣ i2 gene promoter (32) . We have shown in previous gel shift studies that nuclear complexes formed with this probe contained Nrf2, as confirmed by supershift assays (32, 42) . As shown in Fig. 4A , the band density of the complex formed by nuclear extracts with this probe was depressed by anti-Nrf2 antibody (lanes 6 and 7 versus lane 4), as well as by antibody to its binding partner (i.e. small Maf) (lanes 8 and 9 versus lane 4), indicating that Nrf2 was present in the complex. As controls, antibody to Sp1, which does not bind to the probe (42), had no effect (lane 10), and the unlabeled probe abolished the binding of nuclear proteins to the labeled DNA (lane 11).
Consistent with our hypothesis, we noted that nuclear extracts from cells treated with tBHQ plus resveratrol (to impart deacetylation conditions) exhibited less binding activity to the probe than nuclear extracts from cells treated with tBHQ alone (Fig. 4A, compare lanes 5 and 4) . Furthermore, the binding intensity was greater in nuclear extracts from cells transfected with expression plasmid for the acetyltransferase CBP than under basal conditions (Fig. 4B, compare lanes 2 and 1) . The CBP-induced binding activity was completely abrogated in the presence of E1A (Fig. 4B, compare lanes 3 and 2) . The E1A effect mimicked the result obtained with resveratrol in Fig. 4A , indicating that deacetylation conditions, or inhibition of acetylation, resulted in decreased interaction of Nrf2 with its DNA response element, the ARE.
Acetylation Sites in Nrf2-Having demonstrated that Nrf2 is acetylatable in the intact cell (Fig. 2) and that acetylationdeacetylation impacts binding of Nrf2 to its DNA response element (Fig. 4) , we used in silico and mutagenesis approaches to reveal acetylatable sites in Nrf2 that might be relevant to the results shown in Figs. 1-4 . Because Sun et al. (26) recently identified acetylatable lysyl residues in the Neh1 domain, which influenced transactivation potential of Nrf2, we restricted our search to other domains. We found nine putative acetylatable lysyl residues in these domains in mouse Nrf2 (Fig. 5A ) by using the Prediction of Acetylation on Internal Lysines (PAIL) program, which predicts acetylation sites in proteins (60). These (20, 28, 32) , using 32 P-labeled doublestranded DNA probe 5Ј-GCCCGCCCCGGCCCAGTCACAGGCTTGGTTC-3Ј, which contains the ARE (underlined) motif that maps at Ϫ84/Ϫ76 in the G␣ i2 gene promoter. The reactions were carried out with 2 g of nuclear extract protein for each lane. When antibodies were used, the nuclear extract was incubated with the labeled probe for 30 min at 25°C prior to the addition of each antibody and then incubated for an additional 30 min, followed by electrophoresis. Antibodies against Nrf2 and small Maf (Maf F/G/K (C-18) from Santa Cruz Biotechnology, Inc.) were used at 2 or 4 g for lanes 6 and 7 and at 1 or 2 g for lanes 8 and 9, respectively. Anti-Sp1 antibody was used at 2 g. Nrf2-DNA binding complex is indicated by the arrow. Unlabeled probe (lane 11) was used at 20-fold excess. Ab, antibody; NE, nuclear extract; pCI-Neo, empty vector; pCI-Nrf2, expression plasmid for Nrf2. (60) . Lysine to alanine substitution mutations were created at five of these sites (؋) by using the QuikChange TM site-directed mutagenesis kit from Stratagene (La Jolla, CA), and the mutants were used for the transfection experiments summarized in B. In separate experiments, lysine to arginine (Lys 3 Arg) or lysine to glutamine (Lys 3 Gln) substitution mutations were created at Lys 588 and Lys 591 and used for the transfection experiments summarized in C. Transactivation activities of WT and mutant Nrf2 were assessed in transient transfection assays using HO-1-ARE-luc as the reporter construct (42) . The values shown are the means Ϯ S.E. of triplicate assays from four (B) or five (C) different experiments. *, significantly different (p Ͻ 0.05) from the WT. sites are conserved among 16 different species, including humans. We considered the Neh3 domain to be most interesting because of the clustering of four of these putative sites in that domain. We were also interested in the Neh3 domain because previous structural studies on Nrf2 (8, 61) had not clearly delineated the functional significance of this domain.
In the first series of experiments, we mutated (Lys 3 Ala) five of the nine PAIL program-predicted sites (Fig. 5A , mutated Lys residues are identified with the symbol ؋). We then monitored Nrf2-induced gene transcription using these mutants. To ascertain whether any of these sites was relevant to the observed effect of CBP, we assessed Nrf2-dependent gene transcription in the absence or presence of CBP. As shown in Fig.  5B In additional experiments, we made conservative mutations (Lys 3 Arg) at some of these sites and compared their effects with the Lys 3 Ala mutations. In this second set of mutations, we also made acetylation mimics (Lys 3 Gln) at the same lysine residues that were mutated to arginine residues. The Lys 3 Gln substitution is often used to mimic the acetylated form of the Lys residue (62) (63) (64) (65) (66) . As shown in Fig. 5C , lysine to arginine mutation at Lys 591 (K591R) resulted in robust inhibition of Nrf2-dependent gene transcription, much like the results obtained with K591A mutants. The results with the double mutant K588R/K591R were essentially similar to those with the single mutant K591R. Similar to K591A and K588A/K591A mutants and unlike the wild type, promoter activities induced by Lys 3 Arg (K591R and K588R/K591R) mutants were insensitive to the activating effect of CBP, confirming that Lys 588 and Lys 591 are CBP-acetylatable sites. Based on the data with CBP, the results with the acetylation mimics (K591Q and K588Q/ K591Q) resembled the results with wild-type Nrf2.
In Fig. 5C , the lack of effect of SIRT1 on K591R, K591A, and K588R/K591R resembles the data with CBP and supports the idea that these sites are acetylatable sites. However, SIRT1 inhibited the transcriptional effect of the K591Q single mutant, and the K588Q/K591Q double mutant, similar to the wild type. This was rather surprising, given the fact that the K591Q and K588Q/K591Q sites cannot be deacetylated. Conceptually, the Lys 3 Gln substitution is understood to mimic the acetylated form of the Lys residue, whereas the Lys 3 Arg substitution only eliminates the ⑀-amino group of the acetylation site without a neutralization of positive charges (62) (63) (64) (65) (66) . However, the Lys 3 Gln substitution does not always faithfully mimic the acetylated form of the Lys residue. For example, in their studies on DNA damage-induced acetylation of lysine 3016 of ataxiatelangiectasia mutated kinase, a modification that activates ataxia-telangiectasia mutated kinase, Sun et al. (65) found that glutamine did not substitute for acetyl-lysine in ataxia-telangiectasia mutated kinase. In another example, Manohar et al. (66) showed in studies on nucleosome dyad acetylation that the Lys 3 Gln substitution did not fully replicate the role of lysine acetylation; they found that the Lys 3 Gln substitution mimicked the change in charge but was a very poor mimic of the steric effect of acetylation. Thus, our findings may indicate that in addition to deacetylation of wild-type Nrf2, thereby inhibiting its transcriptional activity, SIRT1 expression may also affect Nrf2 activity by an additional mechanism when acetylatable lysines are mutated to glutamine.
Impact of Acetylation-Deacetylation on Nucleocytoplasmic Localization of Nrf2-Given that subcellular localization is a major determining factor of the function of Nrf2, we used several approaches to study additional functional impact of acetylation/deacetylation of Nrf2, vis à vis its subcellular localization. First, we used fluorescence imaging to localize the fusion protein GFP-Nrf2 (20) in cells treated with reagents that impart either acetylation or deacetylation. Second, we used Western blotting to assess the content of Nrf2 in nuclear and cytoplasmic fractions prepared from similarly treated cells. Third, we used site-directed mutagenesis to assess the localization of GFP-Nrf2 mutated at key acetylatable lysine residues.
HepG2 cells were used for fluorescence imaging because, unlike K562 cells, the cytoplasmic and nuclear compartments of HepG2 cells are easily discernible (20) . In the first approach, the cells were transfected with expression plasmid encoding the fusion protein GFP-Nrf2 (20) . After 24 h, the cells were incubated with tBHQ for 1 h to induce nuclear accumulation of Nrf2 in the absence or presence of resveratrol (Fig. 6A) . Consistent with the fact that tBHQ induces nuclear accumulation of Nrf2 (2, 32) , incubation with tBHQ induced intense GFP fluorescence in the nucleus (Fig. 6A, compare columns 3 and 4 to  columns 1 and 2) . In contrast, in cells incubated with tBHQ plus resveratrol (columns 7 and 8), GFP fluorescence in the nucleus (caused by GFP-Nrf2) was severely diminished, and most of the green fluorescence was cytoplasmic. Also in cells incubated with resveratrol alone (no tBHQ, columns 5 and 6), most of the GFP fluorescence was concentrated outside the nucleus, indicating that the resultant effect of resveratrol was re-distribution of GFP-Nrf2 between the nuclear and cytoplasmic compartment, in favor of nuclear exclusion of Nrf2.
If the nuclear exclusion of GFP-Nrf2 observed in cells treated with resveratrol resulted from resveratrol-induced deacetylation of Nrf2, then mimicking deacetylation by other means, such as by inhibiting the acetyltransferase activity of CBP, should also yield similar results as with resveratrol. As shown in (Fig. 6C ) indicated a distribution ratio of nuclear: cytoplasmic content of GFP-Nrf2 of 65:35 in cells treated with CBP compared with 38:62 in the controls (basal). In cells treated with E1A or CBP plus E1A, the ratio was identical to that in the basal condition.
Detection of GFP-Nrf2 in both the cytoplasm and nucleus of CBP-treated cells and in cells treated with CBP ϩ E1A suggested that these treatments did not prevent nuclear-cytoplasmic shuttling of Nrf2, which is known to contain two nuclear export sequences (67, 68) . This suggestion was confirmed by the fact that when we used leptomycin B (LMB) to block nuclear export of Nrf2, the E1A-induced cytoplasmic localization of GFP-Nrf2 was abolished (Fig. 6, B, compare panels d and  c, and C) . LMB interferes with the CRM1 export machinery (69, 70) that recognizes the nuclear export sequences in nuclear export sequence-containing proteins (71) . In our experiments, LMB alone caused an almost total (ϳ90%) nuclear retention of GFP-Nrf2 (data not shown), indicating that it blocked nuclear export of GFP-Nrf2. Overall, the data in Fig.  6 suggest that deacetylation, or the inhibition of CBP-mediated acetylation, results in relocalization of GFP-Nrf2 to the cytoplasmic compartment.
In the second approach to assess the nucleocytoplasmic redistribution of Nrf2 under conditions of acetylation-deacetylation, we used Western blotting to determine the relative levels of Nrf2 in cytoplasmic and nuclear fractions from K562 cells transfected with the expression plasmid for SIRT1 or cells incubated with EX-527, a potent small molecule inhibitor of SIRT1. In addition, to mimic the experimental set-up for Fig. 6A , the effect of resveratrol (a putative stimulator of SIRT1 activity) on tBHQ-induced nuclear accumulation of Nrf2 (2, 32) was also assessed. The whole cell content of Nrf2 was not affected by these treatments (Fig. 7A; see also Fig. 2C) .
The Western blot shown in Fig. 7B is an indicator of the general quality of our nuclear and cytoplasmic preparations, as judged by the use of nuclear (p300/C␤P-associated factor) and cytoplasmic (␤-tubulin) markers. As shown in Fig. 7C , resveratrol, a putative activator of SIRT1, decreased tBHQ-induced nuclear accumulation of Nrf2 by ϳ73%, but EX-527, an inhibitor of SIRT1 activity, actually induced a modest increase. The resveratrol-induced 73% decrease in Nrf2 level in the nuclear fraction was accompanied by a 27% increase in the cytoplasmic fraction. On the other hand, the EX-527-induced modest increase in Nrf2 level in the nucleus was accompanied by a 10% decrease in Nrf2 level in the cytoplasmic fraction. Thus, the effects of resveratrol on cytoplasmic and nuclear levels of Nrf2 levels were clearly opposite to those of EX527. These reciprocal relationships suggest that treatment with these small molecule modulators of SIRT1 altered nucleocytoplasmic localization of Nrf2.
Given that EX-527 and resveratrol have opposing effects on the deacetylase SIRT1, we further investigated the nucleocytoplasmic redistribution of Nrf2 by transfecting the cells with an expression plasmid for SIRT1. Transfection with SIRT1 resulted in decreased content of Nrf2 in the nuclear fraction (Fig. 7D, upper panel) , and this effect was overridden by dominant negative SIRT1 (SIRT1-H355A). The decreased content of Nrf2 in the nucleus in cells transfected with SIRT1 was accompanied by an increased content of Nrf2 in the cytoplasmic fraction compared with cells treated with Nrf2 alone (Fig. 7D, lower  panel) . These results mimic those obtained with resveratrol. Overall these immunoblotting data are consistent with our fluorescence imaging data (Fig. 6 ) and suggest that deacetylation results in relocalization of GFP-Nrf2 to the cytoplasmic compartment, whereas acetylation conditions favor its nuclear retention.
In the third approach to assess the impact of acetylationdeacetylation on subcellular localization of Nrf2, we used fluorescence imaging and confocal microscopy to localize GFPNrf2 molecules that were mutated at key acetylatable lysine residues in the Neh3 domain. As shown in Fig. 8 , wild-type GFP-Nrf2 (panel a) exhibited intense green fluorescence in the nucleus, whereas green fluorescence exhibited by K591R mutants (panel b) was dispersed all over the cell. The double mutant K588R/K591R (panel d) exhibited even less nuclear fluorescence than the K591R alone. In both cases, it is clear that mutation at these sites engendered an even distribution of GFP fluorescence throughout the cell, indicating relocalization of GFP-Nrf2 to the cytoplasmic compartment. In contrast, both the single Lys 3 Gln mutant (K591Q) (panel c) and the double mutant K588Q/K591Q (panel e) exhibited a pattern of green fluorescence that mimicked that of the wild-type GFP-Nrf2. Altogether, these data strongly suggest that deacetylation (i.e. Lys 3 Arg mutants) results in relocalization of GFP-Nrf2 to the cytoplasmic compartment, a phenomenon consistent with our Western blotting data in Fig. 7 as well as the imaging data in Fig.  6 , whereas acetylation conditions favor its nuclear retention. Cytoplasmic and nuclear fractions were prepared as described previously (32) . Nrf2 was detected with anti-Nrf2 antibody (sc-13032; Santa Cruz Biotechnology, Inc.). A, total cell content of Nrf2 is not changed by small molecule modulators of SIRT1. B, assessment of relative purity of cytoplasmic and nuclear fractions, using antibodies against protein markers for these fractions. Markers for nuclear (p300/C␤P-associated factor) and cytoplasmic (␤-tubulin) fractions were used to assess the degree of potential cross-contamination between the two fractions. C and D, relative content of Nrf2 in nuclear (upper panels) and cytoplasmic fractions (lower panels) from cells treated with small molecule modulators of SIRT1 (C) or expression plasmid for SIRT1 (D). Western blotting analysis (8% SDS-PAGE) was performed with 10 g of protein for each fraction. Quantification of the Western blots was done by densitometric scanning using UN-SCAN-IT software (Silk Scientific, Inc, Orem, UT). The results were calculated relative to the corresponding loading controls. The ratios obtained are plotted as histograms (three or four different experiments), setting the ratios obtained for the empty vector treatment as 100%. D, SIRT1-induced changes in the nucleocytoplasmic distribution of Nrf2. C, cytoplasmic fraction; W, whole cell lysate; N, nuclear fraction; Neo, empty vector (pCI-Neo); Nrf2, pCI-Nrf2; ResV, resveratrol; dnSIRT1, dominant negative SIRT1.
DISCUSSION
Covalent modifications that may impact the biology of Nrf2 after its separation from Keap1 have not been extensively studied. Here we show that Nrf2 can undergo acetylation-deacetylation, corroborating a recent report (26) that measured reversible acetylation of Nrf2 (primarily in its Neh1 domain) in HEK293T cells subjected to sodium arsenite [As(III)]-induced stress. We also show that acetylation conditions (use of CBP or use of inhibitors of SIRT1 activity) enhance binding of Nrf2 to its DNA response element (the ARE), thereby increasing Nrf2-induced gene transcription. Deacetylation conditions (use of activators of SIRT1) resulted in a decrease in Nrf2-dependent gene transcription. Use of activators of SIRT1 or use of acetylation mutants (Lys 3 Arg) of Nrf2 resulted in redistribution of Nrf2 in favor of relocalization to the cytoplasmic compartment. Use of E1A to inhibit the action of CBP also resulted in redistribution of Nrf2 in favor of relocalization to the cytoplasmic compartment. To our knowledge, the present work is the first study demonstrating that acetylation/deacetylation conditions modulate nucleocytoplasmic localization of Nrf2.
The Neh1 domain of Nrf2 is responsible for mediating binding to the ARE (3, 8) , but the contribution of the Neh3 domain to the transactivation potential of Nrf2 has only been described as permissive (73) , based on experiments that deleted the last 16 amino acid residues in the carboxyl terminus of that domain (74) . Mutational analysis of the Neh1 domain led Sun et al. (26) to conclude that acetylation-dependent modulation of the transcriptional activity of Nrf2 is primarily due to the lysyl residues in the Neh1 domain. Inspection of their data, however, indicates that only a 40 -45% decrease in Nrf2-induced transcription was achieved by mutating all 18 Lys residues in that domain (26) . We show here that lysyl residues elsewhere in the protein are relevant to acetylation-dependent regulation of the transactivation potential of Nrf2.
The computer program PAIL (60) predicts nine putative acetylation sites outside the Neh1 domain in mouse Nrf2 (depicted in Fig. 5A ). Using the HO-1 gene reporter construct, we show that mutating the lysine residues at positions 588 and 591 in the Neh3 domain to either alanine or arginine drastically (Ͼ52%) impaired Nrf2-dependent gene transcription. Furthermore, such mutations completely obliterated the ability of CBP to enhance Nrf2-induced gene transcription that was observed with the wild-type Nrf2, an indication that those sites are targets for CBP. These results are distinctly different from those of Sun et al. (26) , who studied the impact of acetylation in the Neh1 domain, by p300 acetyltransferase after introducing Lys 3 Arg mutations in that domain. Interestingly, they also found that such mutations did not influence transcription from the HO-1 gene, leading them to conclude that Nrf2-induced transcription of the HO-1 gene is not regulated by acetylation. In contrast, our results show that mutating (Lys 3 Ala or Lys 3 Arg) two acetylatable lysyl residues (Lys 588 and Lys 591 ) in the Neh3 domain impairs Nrf2-dependent transcription of the HO-1 gene. The differences between our results and those of Sun et al. (26) most likely reflect domain-specific effects. More importantly, they emphasize that multiple acetylation sites in multiple structural domains of Nrf2 impact the transcriptional activity of Nrf2.
Our results here are particularly novel because they reveal, for the first time, that the Neh3 domain, the function of which had previously been suggested as only permissive (73), actually modulates the transcriptional activity of Nrf2 through acetylation-dependent regulation that can be ascribed to Lys 591 and perhaps Lys 588 located in that domain. Thus, Neh3 can now unequivocally be regarded, alongside Neh4 and Neh5 (41) , as making an important contribution to the transactivation potential of Nrf2.
That deacetylation favors cytoplasmic localization of Nrf2 is quite intriguing in the context of potential mechanism(s) for terminating the transcriptional activity of Nrf2. Brown et al. (75) demonstrated that TGF␤-induced activation of ATF3 caused ATF3 to displace CBP from the CBP-Nrf2 complex at the ARE, leading to repression of Nrf2-induced transcription. Kong and co-workers (76) showed that sustained interaction between Nrf2 and small Maf proteins prevented nuclear exit of Nrf2; they suggested that this interaction masks the nuclear export signals in Nrf2, preventing Nrf2 from interacting with the CRM1 export machinery. However, their data do not rule out other mechanisms such as covalent modifications. In a totally unrelated system, Soutoglou et al. (77) demonstrated that acetylation of HNF-4 by CBP is crucial for the proper nuclear retention of HNF-4, which is otherwise transported out to the cytoplasm via the CRM1 pathway. Recently, Lan et al. (78) showed that SIRT1-dependent deacetylation of the serine- 6 , were transfected with wild-type pEGFP-Nrf2 or Lys 3 Arg or Lys 3 Gln mutants described in the legends to Fig. 5 . The cells were processed for fluorescence imaging analysis as described under "Experimental Procedures." To stain the nuclei, the cells were incubated for 2 min at room temperature in 3 g/ml propidium iodide and then rinsed with PBS. The coverslips were then mounted onto the slides using Aqua/Polymount (Polysciences, Inc. Warrington, PA), kept overnight at 4°C, and visualized under a Nikon TE2000-U C1 confocal laser scanning microscope at excitation/emission wavelengths of 488/505-550 nm (for green fluorescence) and 543/560 -615 nm (for red fluorescence). Using Adobe Photoshop, images of the propidium iodide (PI) and GFP fluorescence patterns were merged to visualize nuclear localization.
threonine protein kinase LKB1 resulted in its relocalization to the cytoplasm. Deacetylation of NF-B by histone deacetylase 3 decreases its transcriptional activity and results in its nuclear export through the CRM1 pathway (36, 79) . Thus, it is intriguing to speculate that deacetylation of Nrf2 could cause or facilitate exposure of the relevant nuclear export signal, allowing interaction of Nrf2 with the CRM1 export machinery, leading to subsequent relocalization of Nrf2 to the cytoplasmic compartment. However, SIRT-dependent deacetylation of transcription factors does not always lead to their cytoplasmic localization. This is clearly evident from the report that SIRTdependent deacetylation of the forkhead transcription factor FoxO1, a phenomenon that promotes expression of gluconeogenic genes, results in nuclear trapping of FoxO1 (80) .
The work presented here provides insight into the question of mechanisms of the transcriptional action of Nrf2 and termination of such activity. We posit that Nrf2 in the nucleus undergoes acetylation by acetyltransferase(s) such as CBP, resulting in binding, with bZIP protein(s), to the ARE, and consequently in gene transcription. Inhibition of acetylation results in decreased Nrf2-mediated gene transcription. Deacetylation of key lysine residues in Nrf2 (for example, by SIRT1) could disengage Nrf2 from its DNA-binding partner(s) and/or the ARE, thereby resulting in transcriptional termination and subsequently in nuclear export of deacetylated Nrf2 through the CRM1 export machinery. Our fluorescence imaging data, as well as our immunoblotting results with SIRT1 and those with modulators of SIRT1, are consistent with this idea.
